1. In hepatocytes from starved rats, vasopressin, angiotensin (angiotensin II) and oxytocin stimulated gluconeogenesis from lactate by 25-50%; minimal effective concentrations were about 0.02 pM, 1 nM and 0.2 nm respectively. 2. Vasopressin and angiotensin also stimulated gluconeogenesis from alanine, pyruvate, serine and glycerol;6 EGTA decreased gluconeogenesis from these substrates. 3. Hormonal stimulation of gluconeogenesis from lactate was abolished in the absence of extracellular Ca2+. 4. Insulin did not prevent stimulation of gluconeogenesis by vasopressin or angiotensin. 5. The potency of the stimulatory effects of vasopressin and angiotensin on hepatic gluconeogenesis suggests they are operative in vivo. Also, the data suggest that Ca2+ plays a role in the stimulation by these hormones.
The ability of a range of hormones to exert rapid catabolic effects on the liver, without acting via cyclic AMP, has recently been demonstrated. The most well-established of these effects is stimulation of hepatic glycogen breakdown. The hormones include a-adrenergic agonists, vasopressin, oxytocin and angiotensin (angiotensin II) (for review see Hems, 1977) .
Studies with the perfused liver and isolated cells from fed rats have demonstrated a direct hepatic effect of vasopressin, oxytocin and angiotensin on glycogenolysis and phosphorylase a activity (Hems et al., , 1978b Keppens et al., 1977) . These effects are totally dependent on the presence of extracellular Ca2+ (Stubbs et al., 1976; Keppens et al., 1977; Hems et al., 1978b) and do not involve cyclic GMP (Hems et al., 1978a) .
Gluconeogenesis can also be stimulated by hormones that exert catabolic effects on liver, such as glucagon, adrenaline and vasopressin, as may be shown in the perfused liver of starved rats (Exton et al., 1970; Exton & Park, 1972; Hems & Whitton, 1973) . In view of this fact and since hepatic gluconeogenesis from lactate is Ca2+-dependent (Hems et al., 1966; Elliott, 1976) , the effects on gluconeogenesis of angiotensin and oxytocin (not previously reported) and of vasopressin have been investigated, and are described in the present paper. The possibility of an interaction between vasopressin or angiotensin and insulin has also been studied, since catabolic effects of hormones on the liver may be counteracted by insulin. Finally the role of Ca2+ in gluconeogenesis has been evaluated with respect both to the Ca2+-dependence of gluconeogenesis from various preVol. 176 cursors and to the Ca2+-dependence of the hormone effects.
Materials and Methods Preparation and incubation ofhepatocytes
Male Porton-Wistar rats (200g) were starved for 48 h from about 10.00h.
Isolated hepatocytes were prepared by perfusion of the liver with collagenase, essentially as described by Krebs et al. (1974) with minor modifications (Hems et al., 1978b) . Viability of hepatocyte preparations was assessed in several ways (Hems et al., 1978b) . Trypan Blue was excluded by 90-95% of cells. Rates of gluconeogenesis from various precursors were similar to those reported from other laboratories.
Cells were incubated in duplicate, as described elsewhere (Hems et al., 1978b) , for 40min in bicarbonate-buffered saline (Krebs & Henseleit, 1932) gassed with 02/C2 (19: 1, v/v).
Glycogen was determined in hepatocytes before incubation (Hems & Whitton, 1973; Hems et al., 1978b) . A value of 4.5±1.3 (10),cmol of glycogen glucose/g of dry cells (mean±S.E.M. for the number of observations indicated in parentheses) was obtained. Thus any glucose released from glycogen during incubation of hepatocytes did not significantly contribute to the total glucose released.
Analytical methods
Methods for measuring glucose and lactate in the incubation medium have been described (Hems & Whitton, 1973 
Results

Time course ofgluconeogenesis in hepatocytes
The time courses of glucose production from 10mM-lactate and of lactate removal were followed in the presence and absence of vasopressin, to establish an optimal period for routine incubations. A small lag in control glucose release was observed during the first 10min of incubation; thereafter the rate was linear with time. Vasopressin (20nM) stimulated glucose production from lactate over the entire time course and perhaps decreased the lag period in gluconeogenesis observed in the absence of hormone (Fig. 1) .
Lactate removal from the incubation medium was not linear with time, as might be expected from the non-linearity of glucose production (Fig. 2) . Vasopressin (20nM) did not stimulate lactate uptake (Fig. 2) .
Effects ofhormones on gluconeogenesis in hepatocytes Vasopressin stimulated gluconeogenesis from lactate over the concentration range 20fM to 20nM (Fig. 3) . Angiotensin acted over the range 1OpM to 100nM (Fig. 3) . The maximum extra glucose released from lactate in response to both these hormones was similar, corresponding to 50 % stimulation over the control value. Oxytocin, which To pinpoint sites of action of vasopressin and angiotensin, gluconeogenesis from various precursors was followed in the presence and absence of hormones.
The fastest release of glucose in control experiments was observed with fructose as precursor, whereas serine and alanine gave the slowest rates (Table 1) . Pyruvate, glycerol and lactate were poorer glucose precursors than fructose, but better than the two amino acids (Table 1) .
In the presence of vasopressin and angiotensin, gluconeogenesis was significantly stimulated from all substrates except fructose ( Table 1 ). The increment in glucose release observed in the presence of either hormone again appeared to be similar, except with fructose and alanine as substrates (Table 1 ). The increments in gluconeogenesis from alanine caused by both hormones, although smaller than from other substrates, were both significant (P<0.05 for a twotailed test for paired differences).
Effect of Ca2+ depletion on hepatic gluconeogenesis
The effect of Ca2+ on gluconeogenesis was assessed by two different procedures. Hepatocytes were either incubated in the absence of extracellular Ca2+, or alternatively EGTA (3 mM) was added to the incubation medium. Both manipulations decreased gluconeogenesis from lactate by about 40% (Tables 2 and  3 ). The presence of EGTA did not significantly decrease gluconeogenesis from fructose, whereas the (Table 2 ). The decrements in glucose release by EGTA were variable depending on the precursor (Table 2 ). The absolute rate of gluconeogenesis from pyruvate was most affected by the presence of EGTA, whereas that from glycerol was least Ca2+-dependent. In the absence of extracellular Ca2+ the stimulation of gluconeogenesis from lactate observed with vasopressin or angiotensin was abolished (Table 3) .
Neither was there any stimulation by oxytocin (results not shown).
Effect of insulin on gluconeogenesis
Insulin did not have any effect on the stimulation of gluconeogenesis from lactate observed with either submaximal concentrations of vasopressin or a maximal concentration of0.1 uM-angiotensin (Fig. 4) .
Insulin decreased the glucose released by minimally effective concentrations of glucagon (results not shown), showing that the lack of suppression by insulin of the stimulation of gluconeogenesis by vasopressin or angiotensin did not reflect a simple lack of insulin receptors. Discussion Sensitivity of hepatic gluconeogenesis to hormonal stimulation In hepatocyte suspensions from the liver of fed rats phosphorylase activity is significantly more sensitive than is glucose release to activation by vasopressin, angiotensin or oxytocin (Hems et al., 1978b) . Gluconeogenesis from lactate in hepatocytes from starved rats is even more sensitive to stimulation by vasopressin than the phosphorylase response, the minimal effective concentration being 0.02pM compared with 0.1 pM. This may partly reflect a greater sensi-1978 896 tivity in liver from starved rats than in fed rats (Hems & Whitton, 1973) . The minimal effective concentrations of angiotensin and oxytocin found to stimulate gluconeogenesis and activate phosphorylase in hepatocyte suspensions were similar.
The lactate removed from the incubation medium by hepatocytes (340pmol/40min per g of dry cells) was sufficient to account for the lactate-dependent production of glucose in the presence or absence of vasopressin, which was 129 or 108 umol/40min per g of dry cells respectively. Lactate uptake by hepatocytes was not stimulated by 20nM-vasopressin, despite the fact that this was a maximal concentration for stimulation of gluconeogenesis. Therefore vasopressin must redirect pyruvate carbon from alternative fates within the cell (such as oxidation) to glucose. The mechanism of this effect will now be considered.
Substrate-dependence of stimulation of gluconeogenesis by hormones
Hepatic gluconeogenesis from all the precursors studied, except perhaps fructose, was stimulated by vasopressin and angiotensin. This indicates that both hormones may act at a site on the pathway between pyruvate and triose phosphates, yet to be identified. The observed stimulation of gluconeogenesis from glycerol could imply a specific hormonal effect on glycerol metabolism, since glucose synthesis from fructose was apparently unaffected.
In contrast with the findings discussed above, glucagon and adrenaline can stimulate hepatic gluconeogenesis from fructose and dihydroxyacetone in starved rat hepatocytes (Tolbert & Fain, 1974; Pilkis et al., 1976) , whereas glucagon does not in general stimulate glycerol-supported gluconeogenesis in the starved state (Garrison & Haynes, 1973; Pilkis et al., 1976) . Thus the substrate pattern with vasopressin and angiotensin does not resemble that observed in response to adrenaline and glucagon, which suggests that vasopressin and angiotensin stimulate hepatic gluconeogenesis at a different site(s) from glucagon. This is not surprising, as the mechanisms ofaction of these hormones are different. Thus vasopressin and angiotensin do not bring about increases in the hepatic content of cyclic AMP or cyclic GMP (Hems et al., 1978a) , but may act via Ca2+ (see the next section).
Role of Ca2+ in hormonal stimulation of gluconeogenesis
The present data show that hepatic gluconeogenesis from a number of substrates is Ca2+-dependent. Although gluconeogenesis from lactate is decreased in the absence of extracellular Ca2+ (Hems et al., 1966; Elliott, 1976; present (Stubbs et al., 1976; Keppens et al., 1977; Hems et al., 1978b) . The Ca2+-dependence of vasopressin-and angiotensin-stimulated glucose release (derived from either gluconeogenesis or from glycogenolysis in liver from fed animals) is in marked contrast with the lack of a role of Ca2+ ions in glucagon-stimulated glucose release. Thus the absence ofextracellular Ca2+ does not alter glucagon-stimulated hepatic glycogenolysis (Pointer et al., 1976; Stubbs et al., 1976; Assimacopoulos-Jeannet et al., 1977; Hems et al., 1978b) . Although the situation is less clear for gluconeogenesis in cells from starved animals, the effect of glucagon does not appear to be particularly sensitive to Ca2+ depletion (Tolbert & Fain, 1974) .
The results presented here suggest that gluconeogenesis from substrates that are dependent on Ca2+ for maximal rates is particularly stimulated by vasopressin and angiotensin. This is consistent with a role for Ca2+ in the effects on liver of both these hormones. The elucidation of the role of Ca2+ in gluconeogenesis might not only resolve the mechanism of these hormone responses, but might also clarify an important basic control mechanism in gluconeogenesis.
Role of insulin in gluconeogenesis
Although insulin does not affect basal rates of hepatic gluconeogenesis it can counteract or decrease glucose release by glucagon and adrenaline in both the isolated perfused liver and hepatocyte suspensions (Glinsmann & Mortimore, 1968; Mackrell & Sokal, 1969; Exton et al., 1970; Pilkis et al., 1975 Pilkis et al., , 1976 . The mechanism of this effect is unclear, but may include prevention of the increase in hepatic cyclic AMP, at least for glucagon (Exton & Park, 1972; Pilkis et al., 1975; . However, adrenaline stimulates gluconeogenesis partly by an a-adrenergic effect that is cyclic AMP-independent (for reviews see Exton & Harper, 1975; Fain et al., 1975) . The mechanism of action of insulin to prevent stimulation in this instance is not understood, although it has been proposed that Ca2+ is involved (Clarke et al., 1974) .
Insulin did not suppress the stimulation of gluconeogenesis from lactate caused by vasopressin or angiotensin. Since basal gluconeogenesis and the stimulation by these hormones are Ca2+-dependent, it seems unlikely that Ca2+ plays a major or simple role in insulin action on hepatic gluconeogenesis.
